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Abstract
We study the origin of electroweak symmetry under the assumption that
SU(4)C × SU(2)L × SU(2)R is realized on a five-dimensional space-time. The
Pati-Salam type gauge symmetry is reduced to SU(3)C × SU(2)L × U(1)R ×
U(1)B−L by orbifold breaking mechanism on the orbifold S
1/Z2. The break-
down of residual gauge symmetries occurs radiatively via the Coleman-Weinberg
mechanism, such that the U(1)R×U(1)B−L symmetry is broken down to U(1)Y
by the vacuum expectation value of an SU(2)L singlet scalar field and the
SU(2)L × U(1)Y symmetry is broken down to the electric one U(1)EM by the
vacuum expectation value of an SU(2)L doublet scalar field regarded as the
Higgs doublet. The negative Higgs squared mass term is originated from an
interaction between the Higgs doublet and an SU(2)L singlet scalar field as a
Higgs portal. The vacuum stability is recovered due to the contributions from
Kaluza-Klein modes of gauge bosons.
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1 Introduction
The discovery of the Higgs boson [1, 2], the last piece of the standard model
(SM) particles, kicks off a new stage of physics beyond the SM. Mysteries concerning
the Higgs boson have thickened because any evidences from new physics such as
supersymmetry and compositeness have not been discovered.
One of big mysteries is what the origin of electroweak scale is or how the vacuum
expectation value (VEV) of the Higgs boson, v = 246 GeV, is understood. To unveil
the riddle, we need to uncover the origin of Higgs potential, in particular, a mass
term therein. Another one is why the vacuum is stable enough after the breakdown of
electroweak symmetry. With the Higgs quartic coupling constant λ + 0.129 estimated
from the observed Higgs mass mh + 125.1 GeV, we encounter the vacuum stability
problem that λ becomes negative at around 107 GeV and the vacuum can decay.
In this paper, we tackle these problems through the extensions of gauge symmetries
and space-time. Concepts such as simplicity and variety are also adopted on a case-by-
case basis. The SM gauge symmetry can be extended to contain a left-right symmetry.
A typical one is the gauge group GPS ≡ SU(4)C×SU(2)L×SU(2)R in the Pati-Salam
model [3]. The space-time can be expanded to include extra dimensions. The orbifold
S1/Z2 is used as an extra space, because it is simple and has several advantages.
Different breaking mechanisms are utilized for the breakdown of gauge symmetry
GPS into SU(3)C × U(1)EM, presuming that nature respects diversity.
We give an outline of our model. Particle physics above some high-energy scale
MPS is described by a gauge theory with GPS on the five-dimensional (5D) space-
time including S1/Z2 as an extra dimension. The gauge symmetry GPS is reduced to
G3211 ≡ SU(3)C× SU(2)L×U(1)R×U(1)B−L by orbifold breaking mechanism4. The
breakdown of residual gauge symmetries occurs radiatively via the Coleman-Weinberg
mechanism5. In concrete, the U(1)R × U(1)B−L symmetry is broken down to U(1)Y
by the VEV vR of an SU(2)L singlet scalar field. Then, a gauge boson corresponding
to the broken U(1) symmetry acquires a mass MZLR of O(vR). The SU(2)L × U(1)Y
symmetry is broken down to the electric one U(1)EM by the VEV of an SU(2)L doublet
scalar field regarded as the Higgs doublet. If the SU(2)L singlet scalar field is replaced
by its VEV, we obtain the Higgs potential including a negative squared mass term
originated from an interaction between the Higgs doublet and an SU(2)L singlet scalar
field as a Higgs portal. The vacuum stability is recovered due to the contributions
from Kaluza-Klein modes of gauge bosons appearing at a compactification scale Mc.
This paper is organized as follows. In the next section, we formulate a 5D Pati-
Salam model. We examine the Coleman-Weinberg mechanism and the vacuum sta-
4 The orbifold breaking mechanism was originally proposed in superstring theory [4, 5]. The Z2
orbifolding was used in superstring theory [6] and heterotic M-theory [7,8]. In field theoretical models,
it was applied to the reduction of global supersymmetry [9,10], which is an orbifold version of Scherk-
Schwarz mechanism [11, 12], and then to the reduction of gauge symmetry [13, 14]. The left-right
symmetric models on 5D space-time were proposed in [15,16], and phenomenologies on gauge bosons
and matter fields were studied intensively based on the gauge group SU(2)L × SU(2)R × U(1)B−L.
5 The Coleman-Weinberg mechanism was originally proposed by S. Coleman and E. Weinberg [17],
and used in left-right symmetric models [18–21] and a minimal extension of the SM with a SM singlet
and an extra U(1) symmetry [22].
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bility in a four-dimensional (4D) model with G3211 in Sect. 3, In the last section, we
give conclusions and discussions.
2 Five-dimensional Pati-Salam model
The space-time is assumed to be factorized into a product of 4D Minkowski space-
time M4 and the orbifold S1/Z2, whose coordinates are denoted by x
µ (or x) (µ =
0, 1, 2, 3) and y, respectively. The 5D notation xM (M = 0, 1, 2, 3, 5) is also used
with x5 = y. The S1/Z2 is obtained by dividing the circle S
1 (with the identification
y ∼ y + 2piR) by the Z2 transformation y → −y. Then, the point y is identified with
−y on S1/Z2, and the space is regarded as an interval with length piR (R being the
radius of S1).
In the following, we formulate a Pati-Salam model on M4 × S1/Z2. First we
present particle contents in Table 1. In most cases, we pay attention to bosons under
the assumption that matter fields (quarks and leptons) live on the 4D brane at y = 0.
The gauge bosons possess several components such that
Table 1: Gauge quantum numbers of bosons in 5D Pati-Salam model.
bosons SU(4)C SU(2)L SU(2)R
GM(x, y) 15 1 1
WLM(x, y) 1 3 1
WRM(x, y) 1 1 3
ΦL(x, y) 4 2 1
ΦR(x, y) 4 1 2
ΦB(x, y) 1 2 2
GM(x, y) =
15∑
a=1
GaM(x, y)T
a
C,
WLM (x, y) =
3∑
a=1
W aLM (x, y)T
a
L , WRM(x, y) =
3∑
a=1
W aRM(x, y)T
a
R, (2.1)
where T aC, T
a
L and T
a
R are generators of SU(4)C, SU(2)L and SU(2)R, respectively.
We need a scalar field ΦB(x, y) that obeys the bi-fundamental representation under
SU(2)L × SU(2)R, to construct Yukawa interactions on the brane. The Lagrangian
density for bosons is given by
L5D = −1
4
15∑
a=1
GaMNG
aMN − 1
4
3∑
a=1
W aLMNW
aMN
L −
1
4
3∑
a=1
W aRMNW
aMN
R
+ (DMΦL)
†(DMΦL) + (DMΦR)
†(DMΦR) + tr(DMΦB)
†(DMΦB)− V5D, (2.2)
2
where GaMN , W
a
LMN and W
a
RMN are field strengths of SU(4)C, SU(2)L and SU(2)R
gauge bosons, respectively. The covariant derivative DM and the scalar potential V5D
are given by
DM = ∂M + ig4
15∑
a=1
GaMT
a
C + igL
3∑
a=1
W aLMT
a
L + igR
3∑
a=1
W aRMT
a
R, (2.3)
V5D = λL|ΦL|4 + λR|ΦR|4 + λB1tr
(|ΦB|2|ΦB|2)+ λB2 (tr|ΦB|2)2
+ λLR|ΦL|2|ΦR|2 + λLB|ΦL|2tr|ΦB|2 + λRB|ΦR|2tr|ΦB|2, (2.4)
respectively. If we require the left-right symmetry that the theory should be invari-
ant under the exchange (W aLM , ΦL) into (W
a
RM , ΦR), we obtain the conditions among
couplings:
gL = gR, λL = λR, λLB = λRB. (2.5)
We suppose that all scalar fields have no bulk masses.
From the requirement that the Lagrangian density should be invariant under the
translation T : y → y + 2piR and the Z2 transformation P0 : y → −y or it should be
a single-valued function on the 5D space-time, non-trivial boundary conditions (BCs)
of fields are allowed on S1/Z2.
We impose the following BCs on GM ,
Gµ(x,−y) = Gµ(x, y), G5(x,−y) = −G5(x, y), (2.6)
Gµ(x, 2piR− y) = UCGµ(x, y)U−1C , G5(x, 2piR− y) = −UCG5(x, y)U−1C , (2.7)
where UC = diag(1, 1, 1,−1). We use the Z2 transformation P1 : y → 2piR−y in place
of T : y → y + 2piR. Then, GM are given by the Fourier expansions:
Gaµ(x, y) =
1√
2piR
G(0)aµ (x) +
1√
piR
∞∑
n=1
G(n)aµ (x) cos
ny
R
(a = 1, · · · , 8, 15), (2.8)
Gaµ(x, y) =
1√
piR
∞∑
n=1
G(n)aµ (x) cos
(
n− 1
2
)
y
R
(a = 9, · · · , 14), (2.9)
Ga5(x, y) =
1√
piR
∞∑
n=1
G
(n)a
5 (x) sin
ny
R
(a = 1, · · · , 8, 15), (2.10)
Ga5(x, y) =
1√
piR
∞∑
n=1
G
(n)a
5 (x) sin
(
n− 1
2
)
y
R
(a = 9, · · · , 14). (2.11)
Only Gaµ (a = 1, · · · , 8, 15) have y-independent modes with n = 0 called zero modes,
and G
(0)a
µ (x) (a = 1, · · · , 8) and G(0)15µ (x) are identified as the 4D gluons and the 4D
U(1)B−L gauge boson, respectively. We denote them as G
a
µ(x) and Nµ(x), respectively.
We impose the following BCs on WLM ,
WLµ(x,−y) =WLµ(x, y), WL5(x,−y) = −WL5(x, y), (2.12)
3
WLµ(x, 2piR− y) =WLµ(x, y), WL5(x, 2piR− y) = −WL5(x, y) (2.13)
and then we obtain the zero modes W
(0)a
Lµ (x) (a = 1, 2, 3) identified as the 4D SU(2)L
weak bosons and denote them as W aµ (x).
We impose the following BCs on WRM ,
WRµ(x,−y) = WRµ(x, y), WR5(x,−y) = −WR5(x, y), (2.14)
WRµ(x, 2piR− y) = URWRµ(x, y)U−1R , WR5(x, 2piR− y) = −URWR5(x, y)U−1R ,(2.15)
where UR = diag(1,−1). Then, we obtain the zero modes W (0)3Rµ (x) regarded as a
U(1) gauge boson. We denote W
(0)3
Rµ (x) and its U(1) gauge group as Rµ(x) and
U(1)R, respectively.
For scalar fields, the following BCs are imposed on,
ΦL(x,−y) = −ΦL(x, y), ΦL(x, 2piR− y) = −UCΦL(x, y), (2.16)
ΦR(x,−y) = −URΦR(x, y), ΦR(x, 2piR− y) = −UCΦR(x, y), (2.17)
ΦB(x,−y) = ΦB(x, y), ΦB(x, 2piR− y) = URΦB(x, y). (2.18)
Then, zero modes appear from the lower component of ΦR and the upper component
of ΦB concerning SU(2)R, and they are denoted as φR(x) and φ(x), respectively. Here,
φR(x) is the SU(2)L singlet scalar field and φ(x) is the SU(2)L doublet scalar field.
The φ(x) is regarded as the Higgs doublet in the SM.
We list gauge quantum numbers and mass spectra of bosons after compactification
in Table 2. In Table 2, QR is the U(1)R charge and QB−L is the U(1)B−L charge
defined by
QB−L ≡
√
2
3
T 15C , (2.19)
using the 15-th components of T aC. The fifth components of gauge bosons are would-be
Nambu-Goldstone bosons and absorbed by the corresponding 4D gauge bosons.
After the dimensional reduction, we obtain the Lagrangian density:
L4D = −1
4
8∑
a=1
GaµνG
aµν − 1
4
3∑
a=1
W aµνW
aµν − 1
4
RµνR
µν − 1
4
NµνN
µν
+ (DµφR)
†(DµφR) + (Dµφ)
†(Dµφ)− V4D + LKK, (2.20)
where Gaµν , W
a
µν , Rµν and Nµν are field strengths of SU(3)C, SU(2)L, U(1)R and
U(1)B−L gauge bosons, and LKK is the Lagrangian density containing Kaluza-Klein
modes. Here, the covariant derivative Dµ and the scalar potential V4D are given by
Dµ = ∂µ + ig3
8∑
a=1
GaµT
a
C + ig
3∑
a=1
W aµT
a
L + igRRµQR + igB−LNµQB−L, (2.21)
V4D = λr|φR|4 + λ|φ|4 + λm|φR|2|φ|2, (2.22)
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Table 2: Gauge quantum numbers of bosons after compactification in 5D Pati-Salam
model.
bosons SU(3)C SU(2)L QR QB−L (P0, P1) mass
G
(n)a
µ (x, y) (a = 1 ∼ 8) 8 1 0 0 (+1,+1) nR
G
(n)a
µ (x, y) (a = 9 ∼ 14) 3 1 0 23 (+1,−1)
n− 1
2
R
3 1 0 −2
3
(+1,−1) n− 12
R
G
(n)15
µ (x, y) 1 1 0 0 (+1,+1) nR
W
(n)a
Lµ (x, y) (a = 1, 2, 3) 1 3 0 0 (+1,+1)
n
R
W
(n)3
Rµ (x, y) 1 1 0 0 (+1,+1)
n
R
W
(n)+
Rµ (x, y) 1 1 1 0 (+1,−1) n−
1
2
R
W
(n)−
Rµ (x, y) 1 1 −1 0 (+1,−1) n−
1
2
R
G
(n)a
5 (x, y) (a = 1 ∼ 8) 8 1 0 0 (−1,−1) nR
G
(n)a
5 (x, y) (a = 9 ∼ 14) 3 1 0 23 (−1,+1)
n− 1
2
R
3 1 0 −2
3
(−1,+1) n− 12
R
G
(n)15
5 (x, y) 1 1 0 0 (−1,−1) nR
W
(n)a
L5 (x, y) (a = 1, 2, 3) 1 3 0 0 (−1,−1) nR
W
(n)3
R5 (x, y) 1 1 0 0 (−1,−1) nR
W
(n)+
R5 (x, y) 1 1 1 0 (−1,+1) n−
1
2
R
W
(n)−
R5 (x, y) 1 1 −1 0 (−1,+1) n−
1
2
R
ΦL(x, y) 3 2 0
1
6
(−1,−1) n
R
1 2 0 −1
2
(−1,+1) n− 12
R
ΦR(x, y) 3 1
1
2
−1
6
(−1,−1) n
R
3 1 −1
2
−1
6
(+1,−1) n− 12
R
1 1 1
2
1
2
(−1,+1) n− 12
R
1 1 −1
2
1
2
(+1,+1) n
R
ΦB(x, y) 1 2
1
2
0 (+1,+1) n
R
1 2 −1
2
0 (+1,−1) n− 12
R
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respectively. From the matching conditions between L5D and L4D at a scale MPS
above the compactification scale Mc(= 1/R), we obtain the relations:
g3 =
√
2
3
gB−L = g4
∣∣∣∣∣
MPS
, g = gL = gR|MPS , (2.23)
λr = λR|MPS , λ = λB1 + λB2|MPS , λm = λRB|MPS . (2.24)
Note that fields from zero modes are massless at MPS and the value of λr does not
necessarily agree with that of λ there.
3 SU(3)C × SU(2)L × U(1)R × U(1)B−L model
Let us study 4D model with the gauge group SU(3)C×SU(2)L×U(1)R×U(1)B−L
described by (2.20). We refer to it as 3211 model. Particle contents of massless fields
are listed in Table 3. In Table 3, the subscript A represents the generation of matter
Table 3: Gauge quantum numbers of massless fields in 4D 3211 model.
particles SU(3)C SU(2)L QR QB−L Y Y⊥
Gµ 8 1 0 0 0 0
Wµ 1 3 0 0 0 0
Rµ 1 1 0 0 0 0
Nµ 1 1 0 0 0 0
φR 1 1 −12 12 0 52
φ 1 2 1
2
0 1
2
−1
qLA 3 2 0
1
6
1
6
1
2
uRA 3 1
1
2
1
6
2
3
−1
2
dRA 3 1 −12 16 −13 32
lLA 1 2 0 −12 −12 −32
νRA 1 1
1
2
−1
2
0 −5
2
eRA 1 1 −12 −12 −1 −12
fields on the 4D brane and runs from 1 to 3. For a sake of reference, we denote values
of the weak hypercharge defined by Y ≡ QR + QB−L and those of the U(1) charge
defined by Y⊥ ≡ 5QB−L − 2Y , which is orthogonal to Y .
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3.1 Running of gauge couplings
We study the running of gauge couplings. By solving the renormalization group
equations (RGEs) of gauge couplings gi at the one-loop level, we obtain the solutions,
α−1i (µ) = α
−1
i (µ0)−
bi
2pi
ln
µ
µ0
−
∑
n=1
b′i
2pi
θ
(
µ− n
R
)
ln
µ
n
R
−
∑
n=1
b′′i
2pi
θ
(
µ− n−
1
2
R
)
ln
µ
n− 1
2
R
(3.1)
where αi ≡ g2i /(4pi), µ is a renormalization point, bi are coefficients of β functions for
zero modes, and b′i and b
′′
i are coefficients of β functions for Kaluza-Klein modes with
masses n/R and (n− 1
2
)/R, respectively. The θ is a step function defined by θ(x) = 1
for x > 0, θ(x) = 0 for x < 0 and θ(0) = 1/2. The values of bi, b
′
i and b
′′
i are listed in
Table 4. In Table 4, we list bY = 41/6 in the SM for a sake of completeness, and –
Table 4: Gauge couplings and their coefficients of β functions.
SU(3)C SU(2)L U(1)R U(1)B−L U(1)Y
gi g3 g gR gB−L gY
αi α3 α2 αR αB−L αY
bi −7 −196 174 114 416
b′i −1 −13 12 16 –
b′′i −13 13 −12 −1918 –
represents not applicable.
By taking MPS = nΛ/R = nΛMc as µ, solutions are written by
α−1i (MPS) = α
−1
i (µ0)−
bi
2pi
ln
MPS
µ0
−
nΛ∑
n=1
b′i
2pi
ln
MPS
n
R
−
nΛ∑
n=1
b′′i
2pi
ln
MPS
n− 1
2
R
= α−1i (µ0)−
bi
2pi
ln
MPS
µ0
− b
′
i
2pi
ln
nΛ∏
n=1
(
MPS
nMc
)
− b
′′
i
2pi
ln
nΛ∏
n=1
(
MPS(
n− 1
2
)
Mc
)
= α−1i (µ0)−
bi
2pi
ln
MPS
µ0
− b
′
i
2pi
(
MPS
Mc
ln
MPS
Mc
− lnΓ
(
MPS
Mc
+ 1
))
− b
′′
i
2pi
(
MPS
Mc
ln
MPS
Mc
− lnΓ
(
MPS
Mc
+
1
2
)
+ ln
√
pi
)
, (3.2)
where Γ is a gamma function defined by
Γ (z) =
∫ ∞
0
tz−1e−tdt (3.3)
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and we replace ΠnΛn=1n = nΛ! and Π
nΛ
n=1
(
n− 1
2
)
= (2nΛ − 1)!!/2nΛ into Γ (nΛ + 1) and
Γ
(
nΛ +
1
2
)
/
√
pi, respectively.
From the matching conditions at MPS and MZLR, we have the conditions:
α3 =
2
3
αB−L
∣∣∣∣
MPS
, α2 = αR|MPS , α−1Y = α−1R + α−1B−L
∣∣
MZLR
, (3.4)
where MZLR is the mass of gauge boson that becomes massive with the breakdown of
U(1)R × U(1)B−L into U(1)Y. By combining with the solutions (3.2), we obtain the
sum rule:
α−1Y (MZ)− α−12 (MZ)−
2
3
α−13 (MZ)
=
bY − b2 − 23b3
2pi
ln
MPS
MZ
+
−bY + bR + bB−L
2pi
ln
MPS
MZLR
,
+
−b′Y − 23b′3 + b′R + b′B−L
2pi
(
MPS
Mc
ln
MPS
Mc
− lnΓ
(
MPS
Mc
+ 1
))
+
−b′′Y − 23b′′3 + b′′R + b′′B−L
2pi
(
MPS
Mc
ln
MPS
Mc
− lnΓ
(
MPS
Mc
+
1
2
)
+ ln
√
pi
)
, (3.5)
where MZ is the Z boson mass given by MZ + 91.19GeV. Using the values of (bi, b
′
i,
b′′i ) and the experimental values such that [25]
α−13 (MZ) + 8.467, α
−1
2 (MZ) + 29.59, α
−1
Y (MZ) + 98.36, (3.6)
we obtain the relation:
MPS + 3.675× 1013 × (1.026)ξ ×
(√
piΓ (10η + 1)
Γ (10η + 1
2
)
)0.1124
GeV, (3.7)
where MZLR and MPS are parametrized as MZLR = 10
ξ ×MZ and MPS = 10η ×Mc,
respectively. The factor including gamma functions represents contributions from
Kaluza-Klein modes. From (3.7), we find the interesting feature that the magnitude
of MPS is O(10
13) GeV almost irrelevant to the value of MZLR. This is due to an
accidental fact that the coefficient of the second term in the right hand side of (3.5)
is tiny, i.e., (−bY + bR + bB−L)/(2pi) + 0.02654. Further, the magnitude of MPS is
almost irrelevant to the value of Mc, because Kaluza-Klein modes appear as complete
multiplets (although there is a mass difference with 1/(2R)) with (2/3)× (b′3 + b′′3) =
b′B−L + b
′′
B−L = −8/9 and b′2 + b′′2 = b′R + b′′R = 0.6 These features are understood from
the ξ-η plot satisfying (3.7) given in Figure 1. Typical runnings of α−1i are depicted
in Figure 2. Here we choose ξ = 1.3, i.e.,MZLR + 1819 GeV, andMc = 1×1012 GeV,
i.e., η + 1.7, as a bench mark.7
6 It is pointed out that the running of gauge couplings and the unification scale change drastically
due to the contributions from Kaluza-Klein modes including incomplete multiplets [23, 24].
7 The mass bound of an additional neutral gauge boson of SU(2)L×SU(2)R×U(1) (with g = gR)
is 630 GeV from pp direct search and 1162 GeV from the electroweak fit [25].
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Figure 1: Allowed values of ξ and η. The colored lines represent the allowed values
for Mc = 10
7, 108, 109, 1010, 1011, 1012 and 1013 GeV from the above.
Figure 2: The running of gauge couplings. The red, green, blue, violet and black lines
stand for the evolution of α−1Y , α
−1
2 , α
−1
3 , α
−1
R and 3α
−1
B−L/2, respectively.
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3.2 Scalar potential in 3211 model
We study the breakdown of U(1)R×U(1)B−L and the electroweak symmetry. The
scalar potential at the tree level is given by V4D in (2.22). The quartic couplings λr,
λm, λ and the top Yukawa coupling yt obey the RGEs at the one-loop level,
dλr
d lnµ
=
1
16pi2
(
20λ2r + 2λ
2
m − 3g2Rλr − 3g2B−Lλr
+
3
8
g4R +
3
4
g2Rg
2
B−L +
3
8
g4B−L
)
, (3.8)
dλm
d lnµ
=
1
16pi2
(
4λ2m + 8λrλm + 12λλm −
9
2
g2λm − 3g2Rλm
−3
2
g2B−Lλm + 6y
2
tλm +
3
8
g4R
)
, (3.9)
dλ
d lnµ
=
1
16pi2
(
24λ2 + λ2m − 3g2Rλ− 9g2λ+
3
8
g4R +
3
4
g2Rg
2
+
9
8
g4 + 12y2tλ− 6y4t
)
, (3.10)
dyt
d lnµ
=
1
16pi2
(
9
2
y3t −
3
4
g2Ryt −
1
6
g2B−Lyt −
9
4
g2yt − 8g23yt
)
, (3.11)
where the contributions from Kaluza-Klein modes are omitted.
For a sake of completeness, we write down the RGEs of the Higgs quartic coupling
λ and the top Yukawa coupling yt in the SM,
dλ
d lnµ
=
1
16pi2
(
24λ2 − 3g2Yλ− 9g2λ
+
3
8
g4Y +
3
4
g2Yg
2 +
9
8
g4 + 12y2t λ− 6y4t
)
, (3.12)
dyt
d lnµ
=
1
16pi2
(
9
2
y3t −
17
12
g2Yyt −
9
4
g2yt − 8g23yt
)
. (3.13)
The λ and yt run under the condition that the SM ones match those of 3211 model
at MZLR.
We obtain an effective potential improved by the RGEs at the one-loop level,
Veff(µ) =
λr
4
ϕ4R +
Br
8
ϕ4R
(
ln
ϕ2R
µ2
− 25
6
)
+
λm
4
ϕ2ϕ2R
+
Bm
4
ϕ2ϕ2R
(
ln
ϕϕR
µ2
− 3
)
+
λ
4
ϕ4 +
B
8
ϕ4
(
ln
ϕ2
µ2
− 25
6
)
, (3.14)
where ϕ2R = 2{(ReφR)2+(ImφR)2}, ϕ2 = 2{(Reφ+)2+(Imφ+)2+(Reφ0)2+(Imφ0)2},
ϕ4R = (ϕ
2
R)
2, ϕ4 = (ϕ2)2, and Br, Bm and B are given by,
Br =
1
16pi2
(
20λ2r + 2λ
2
m +
3
8
g4R +
3
4
g2Rg
2
B−L +
3
8
g4B−L
)
, (3.15)
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Bm =
1
16pi2
(
4λ2m + 8λrλm + 12λλm +
3
8
g4R
)
, (3.16)
B =
1
16pi2
(
24λ2 + λ2m +
3
8
g4R +
3
4
g2Rg
2 +
9
8
g4 − 6y4t
)
. (3.17)
The effective potential Veff(µ) satisfies the renormalization conditions such that
∂4Veff
∂ϕ4R
∣∣∣∣
ϕR,ϕ=µ
= λr(µ),
∂4Veff
∂ϕ2R∂ϕ
2
∣∣∣∣
ϕR,ϕ=µ
= λm(µ),
∂4Veff
∂ϕ4
∣∣∣∣
ϕR,ϕ=µ
= λ(µ) (3.18)
and does not depend on µ, that is,
dVeff(µ)
d lnµ
=
(
∂
∂ lnµ
+
dλr
d lnµ
∂
∂λr
+
dλm
d lnµ
∂
∂λm
+
dλ
d lnµ
∂
∂λ
+
dϕR
d lnµ
∂
∂ϕR
+
dϕ
d lnµ
∂
∂ϕ
)
Veff(µ) = 0. (3.19)
The first derivative of Veff by fields are given by
∂Veff
∂ϕR
=
{(
λr +Br ln
ϕR
µ
− 11
6
Br
)
ϕ2R
+
1
2
(
λm +Bm ln
ϕϕR
µ2
− 5
2
Bm
)
ϕ2
}
ϕR, (3.20)
∂Veff
∂ϕ
=
{(
λ+B ln
ϕ
µ
− 11
6
B
)
ϕ2
+
1
2
(
λm +Bm ln
ϕϕR
µ2
− 5
2
Bm
)
ϕ2R
}
ϕ. (3.21)
From the stationary conditions〈
∂Veff
∂ϕR
〉
= 0,
〈
∂Veff
∂ϕ
〉
= 0, (3.22)
we obtain the relations:
λ˜r〈ϕR〉2 = 1
2
λ˜m〈ϕ〉2
∣∣∣∣
〈ϕR〉
, λ˜〈ϕ〉2 = 1
2
λ˜m〈ϕR〉2
∣∣∣∣
〈ϕR〉
, (3.23)
and, by combining them, the relation:
λ˜r =
1
4
λ˜2m
λ˜
∣∣∣∣∣
〈ϕR〉
, (3.24)
where λ˜r, λ˜m and λ˜ are defined by
λ˜r(µ) ≡ λr +Br ln 〈ϕR〉
µ
− 11
6
Br, (3.25)
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λ˜m(µ) ≡ λm +Bm ln 〈ϕ〉〈ϕR〉
µ2
− 5
2
Bm, (3.26)
λ˜(µ) ≡ λ+B ln 〈ϕ〉
µ
− 11
6
B (3.27)
and |〈ϕR〉 means the value at µ = 〈ϕR〉. We find that the breakdown of residual gauge
symmetries occurs radiatively via the Coleman-Weinberg mechanism, such that the
U(1)R × U(1)B−L symmetry is broken down to U(1)Y at the scale vR ≡ 〈ϕR〉 that
satisfies (3.24) and the SU(2)L × U(1)Y symmetry is broken down to U(1)EM by 〈ϕ〉.
The hierarchy between 〈ϕR〉 and 〈ϕ〉 comes from the difference of magnitude among
couplings λ˜r, λ˜m and λ˜, as seen from (3.23).
After the breakdown of U(1)R × U(1)B−L, a gauge boson ZLRµ(x) acquires the
mass
MZLR =
1
2
√
g2R + g
2
B−L vR. (3.28)
The ZLRµ(x) and Bµ(x) (a gauge boson relating to U(1)Y) are given as linear combi-
nations such that
ZLRµ(x) = Rµ(x) cos θR −Nµ(x) sin θR, (3.29)
Bµ(x) = Rµ(x) sin θR +Nµ(x) cos θR, (3.30)
where the mixing angle θR is defined by tan θR ≡ gB−L/gR.
Using the stationary conditions, we obtain the following formula for mass matrix
elements,
〈
∂2Veff
∂ϕ2R
〉∣∣∣∣
vR
=
(
2λ˜r +Br − λ˜m
4λ˜
Bm
)∣∣∣∣∣
vR
v2R, (3.31)
〈
∂2Veff
∂ϕR∂ϕ
〉∣∣∣∣
vR
=
〈
∂2Veff
∂ϕ∂ϕR
〉∣∣∣∣
vR
=
(
λ˜m +
Bm
2
)√
− λ˜m
2λ˜
∣∣∣∣∣∣
vR
v2R, (3.32)
〈
∂2Veff
∂ϕ2
〉∣∣∣∣
vR
=
(
2λ˜+B − λ˜
λ˜m
Bm
)
〈ϕ〉2
∣∣∣∣∣
vR
=
(
−λ˜m − λ˜m
2λ˜
B +
Bm
2
)∣∣∣∣∣
vR
v2R, (3.33)
where |vR means the values at 〈ϕR〉 = vR.
Here we choose ξ = 1.3, i.e., MZLR + 1819 GeV, and Mc = 1 × 1012 GeV, i.e.,
η + 1.7, as a bench mark. In this case, vR is estimated as
vR =
2MZLR√
g2R + g
2
B−L
∣∣∣∣∣∣
MZLR
+ 4854 GeV (3.34)
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and the mass matrix elements of scalar fields are estimated as

〈
∂2Veff
∂ϕ2
R
〉 〈
∂2Veff
∂ϕR∂ϕ
〉
〈
∂2Veff
∂ϕ∂ϕR
〉 〈
∂2Veff
∂ϕ2
〉


∣∣∣∣∣∣
vR
+
(
18138 −721
−721 15961
)
GeV2. (3.35)
After diagonalizing the mass matrix, the mass of ϕR-dominated component is evalu-
ated as
mR + 135 GeV. (3.36)
The third term in the right hand side of (3.14) or (2.22) and its radiative corrections
(4-th term in the right hand side of (3.14)) are Higgs portal. By replacing ϕR into its
VEV, we obtain the following squared mass of Higgs boson approximately as
m2 ≈ 1
2
(λm − 3Bm)v2R. (3.37)
From a numerical analysis, we obtain the negative squared mass because of λm < 3Bm.
It can be interpreted that the Higgs mechanism occurs effectively.
The runnings of various couplings including λr, λm and λ are depicted in Figure
3. The values of λr and λm at vR are estimated using stationary conditions (3.22)
and λ(vR) with 〈ϕ〉 ≈ 246 GeV. Here, contributions from Kaluza-Klein modes of
gauge bosons are added, but those from Kaluza-Klein modes of scalar fields are not
considered because they are negligible small when λr, λm and λ take tiny values.
The running of λ is almost same as that in the SM because contributions from gluon
and top quark are dominant. From Figure 3, we find that the vacuum stability is
recovered by the rapid increase of λ due to contributions from Kaluza-Klein modes
of gauge bosons. We suppose that the vacuum stability problem could be solved
by changing the running of λ if Mc is less than 10
7 GeV. But, in this case, λ can
generally blow up infinity much less than MPS due to the threshold corrections of
various Kaluza-Klein modes.
4 Conclusions and discussions
We have studied the origin of electroweak symmetry under the assumption that
SU(4)C × SU(2)L × SU(2)R is realized on the 5D space-time M4 × S1/Z2. The
Pati-Salam type gauge symmetry is reduced to SU(3)C×SU(2)L×U(1)R×U(1)B−L
at a high-energy scale MPS above the compactification scale Mc by orbifold breaking
mechanism on S1/Z2. The breakdown of residual gauge symmetries occurs radiatively
via the Coleman-Weinberg mechanism, such that the U(1)R × U(1)B−L symmetry is
broken down to U(1)Y by the VEV of an SU(2)L singlet scalar field and the SU(2)L×
U(1)Y symmetry is broken down to the electric one U(1)EM by the VEV of the Higgs
doublet, using the negative squared mass originated from an interaction between the
Higgs doublet and an SU(2)L singlet scalar field as a Higgs portal. The vacuum
stability can be recovered by the contributions from Kaluza-Klein modes appearing
at Mc and above there.
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Figure 3: The running of various couplings. The red, green, blue, violet, black, aqua,
purple, dark brown and orange lines stand for the evolution of gY, g2, g3, gR, gB−L,
yt, λr, λm and λ, respectively.
Our 3211 model has an excellent feature that MPS is almost determined as MPS =
O(1013) GeV from the gauge coupling unification of SU(3)C and U(1)B−L into SU(4)C
and the left-right symmetry between SU(2)L and SU(2)R. On the contrary, the
breaking scale vR of U(1)R × U(1)B−L is not fixed from the information of gauge
couplings alone. The criterion of naturalness can favor vR close to the weak scale.
Our 3211 model has almost same particle contents as those in a minimal B − L
extension of the SM proposed in [26–29]. Main differences of our model and the
B − L extended SM are UB−L charge assignment of SU(2)L singlet scalar field φR
and the interactions between U(1) gauge bosons and matter fields. In our model,
the νRA and φR have U(1)B−L charge of −1/2 and 1/2, respectively. Then, allowed
interaction terms between them are not renormalizable ones but non-renormalizable
ones, e.g., (fAB/Λ)φ
2
Rν
c
RAνRA, where Λ is a high-energy scale such as MPS. Hence
small Majorana masses appear after the breakdown of U(1)R × U(1)B−L and the
seesaw mechanism does not work at the TeV scale. In this paper, we focus on physics
of gauge symmetry breaking sector. It would be meaningful to investigate flavor
physics relating to quarks and leptons in our model. It would be also important to
clarify the relationship between our model and the B − L extended SM through the
study of gauge kinetic mixing and so on.
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